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Abstract

Leaf area and its spatial distribution are key parameters in describing canopy characteristics. They determine radiation
regimes and influence mass and energy exchange with the atmosphere. The evaluation of leaf area in conifer stands is
particularly challenging due to their open nature and clumping on the needle, shoot and tree scale. The overall objective of our
study was to characterize leaf area index (LAI) (Lh, m2 half-surface area foliage m−2 ground) in the vicinity of our old-growth
and 14-year-old ponderosa pine (Pinus ponderosa, var. Laws) eddy covariance flux sites, with future plans to scale from
the flux sites to the pine region using ecosystem models and remote sensing. From the combination of optical and canopy
geometry measurements, sapwood and litter-fall measurements, and one- and three-dimensional (3-D) models, we evaluated
the variation in estimates ofLh in a mixed-age stand at the old-growth flux site. We also compared sapwood area estimates
from a local allometric equation with LAI-2000 estimates that have been corrected for clumping and the interception of light
by stems and branches (Lhc, m2 half-surface area m−2 ground) across a range of age classes and stand densities of ponderosa
pine forests along a 15 km swath in Central Oregon that encompassed the flux sites. In the old-growth stand, the litter-fall and
sapwood estimates tended to be higher than the optical and 3-D radiative transfer model estimates. Across the 15 km east–west
gradient from the crest of the Cascade Mountains,Lhc was typically lower than the sapwood estimates (Lhsw; slope 0.38). The
Lhc data, as well as aboveground production estimates for the 17 pine plots will be useful for scaling flux measurements to the
region using ecosystem models that have been validated with these data. © 2001 Elsevier Science B.V. All rights reserved.

Keywords:Leaf area; Canopy architecture; Radiative transfer; Carbon exchange; Energy exchange;Pinus ponderosa;
Soil-vegetation-atmosphere transfer (SVAT) modeling

1. Introduction

The US Carbon Cycle Plan (1995) calls for an
accurate accounting of terrestrial carbon (C) budgets,
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stressing that an observational network of flux mea-
surements and predictive models of interannual to
decadal carbon cycle dynamics should be important
components for understanding processes that control
the temporal trends and spatial distribution of CO2
sources and sinks. Several studies have attempted to
estimate C budgets over large regions (e.g. VEMAP
Members, 1995; Houghton et al., 1998). A numerical
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simulation approach, combined with remote sensing
and a network of validation sites may be the best
way to produce a reasonable regional carbon budget
analysis, but such efforts have been stymied by lack
of a robust observational framework for multi-scaled
model evaluation.

The controls on ecosystem processes are being
substantiated by observations of net carbon exchange
of CO2 (NEE) and H2O from tower flux measure-
ment sites in various vegetation types across a range
of climatic conditions (Oechel et al., 1998; Hollinger
et al., 1999; Law et al., 2000a,b). These sites serve
as important validation sites for ecosystem models
that are being applied spatially to estimate NEE. Leaf
area is an important characteristic because of the role
of foliage in intercepting photons and serving as a
source or sink for the transfer of energy, carbon, and
water vapor exchange between forested ecosystems
and the atmosphere through stomatal conductance
(photosynthesis, respiration, and transpiration). The
ecosystem models require either field validation of
simulated leaf area index (LAI), or remotely sensed
estimates of LAI to initiate them. Previous work has
shown that model estimates of NEE can be low by at
least 15–20% by ignoring the impacts of clumping on
light transfer, the computation of sunlit and shaded
leaves, and photosynthesis and stomatal conductance
(Baldocchi and Harley, 1995). This stresses the need
to account for clumping if optical approaches are
used to estimate LAI (Chen, 1996).

Some studies have compared direct and indirect
methods of estimating LAI (e.g. Fassnacht et al.,
1994). Gower et al. (1999) synthesized data from in-
dependent studies across forest types and showed that
indirect estimates of LAI plateau around 5–6, while
direct estimates reach 9. They proposed that direct
measurement of LAI is the only reliable approach for
dense canopies with LAI> 6. The caveat is that the
most desirable approach to direct measurements is
to develop site-specific allometric equations, which
requires destructive harvesting. This may not be fea-
sible in many locations, and it is very time-consuming
compared with optical estimates. Foliage allometric
equations from other locations should be used with
caution because they are influenced by tree size,
species, and edaphic conditions. For low leaf area
forests, optical estimates that have been corrected for
clumping may be sufficient.

We have been making biological and flux measure-
ments in ponderosa pine (Pinus ponderosa, var. Laws)
in the semi-arid region of Oregon, where canopies are
more open and LAI values are relatively low. We have
also participated in model-testing exercises, which of-
ten required accurate estimates of LAI (Law et al.,
2000a, b, 2001). In this paper, we compare methods
for estimating LAI (Lh, m2 half-surface area of foliage
per m2 ground) in the field with a suite of measure-
ments at two pine flux sites, using optical (LAI-2000
measurements corrected for clumping and Decagon
ceptometer) and more traditional approaches, such as
litter-fall, and sapwood area estimates based on the
pipe model theory (Waring et al., 1982). In addition,
we determined the range ofLh values for ponderosa
pine plots along a 15 km swath using both LAI-2000
and sapwood basal area approaches (e.g. Turner et al.,
1999) in preparation for extending the analysis more
broadly using remote sensing. These plots allow us
to evaluate LAI estimates over a range of conditions
within a particular forest type, including stand density,
tree heights, and site quality.

2. Methods

2.1. Site description

We conducted the study on the east side of the
Cascade Mountains in Central Oregon, where there
is a strong climatic gradient and a transition from
Douglas-fir (Pseudotsuga menziesii) to the dry east-
ern extent of ponderosa pine. The climate of the
ponderosa pine zone is semi-arid (annual precipi-
tation ranges from∼350 to 880 mm), with mini-
mal summer precipitation. These forests typically
have relatively discontinuous canopies with low leaf
areas.

Measurements for the comparison of several meth-
ods of estimating LAI were made during the summer
of 1997 in an old-growth ponderosa pine forest lo-
cated in a Research Natural Area in the Metolius
River basin (44◦30′N, 121◦37′W, elevation 940 m,
1% slope) east of the Cascade Mountains in Oregon.
Sapwood and optical measurements were repeated at
this plot in 1999, and at 14 additional ponderosa pine
plots along a 15 km east–west swath, including our
15-year-old pine flux site (Fig. 1).
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Fig. 1. Location of research plots in the Metolius area, Central Oregon.

Ponderosa pine needles are long (18–20 cm), three
per fascicle, and clustered at the outer 20–50 cm
of shoots. Each needle is not perfectly round, so
it will affect the light interception and distribution
(Oker-Blom and Kellomaki, 1982). In the study area,
the trees carry 3–4 years of foliage. Older trees are
free of branches on the lower half to two-thirds of
the stems, with conical or almost flat-topped crowns.
Our phenology data show that budswell was initiated
at the end of May, budbreak occurred mid-June, and
needle elongation was completed by the last week
of August at the young and old-growth flux sites in
1999, a La Niña year when late winter snows delayed
phonological development by about 2 weeks.

The old-growth site consists of a mosaic of
mixed-age stands (45% of the area), pure old-growth
(27%), and dense patches of young trees (∼45-year-old,
25% of the area). The understory is sparse with patches
of bitterbrush (Purshia tridentata) and bracken fern
(Pteridium aquilinum), and ground cover of straw-
berry (Fragaria vesca). The 14-year-old pine flux site
was previously old-growth that had been clearcut,
and then seeded in by natural regeneration. Such
stands typically have a large component of understory
shrubs. Understory at the young flux site is primarily
manzanita (Arctostaphylos patula) and bitterbrush.

The remaining pine sites where we measured canopy
geometry and LAI range from even-aged mature
stands (thinned and unthinned), to young, naturally
regenerating stands, and old-growth stands. Table 1
shows general characteristics for all plots.

2.2. Optical measurements

Our plot design for optical measurements was a
systematic grid over a 100 m× 100 m plot. The tree
dimension measurements were made on a cluster of
five 10 m radius subplots within the plot. This design
was chosen because it was more efficient for linking
optical and tree dimension measurements to a radiative
transfer model (Law et al., 2001). The plot size ensured
fairly homogeneous conditions appropriate for remote
sensing validation efforts (e.g. pixel size 30 m).

In 1997, we established a 100 m× 100 m plot in
a mixed-age age ponderosa pine stand (Plot 1) at
our old-growth flux site, where we used multiple
measurement methods for estimating LAI. Optical
measurements were made with a LAI-2000 (LICOR,
Lincoln, NE) in September under diffuse light con-
ditions (twilight) at 5 m grid points on a systematic
grid (121 sample locations per plot). The same kinds
of optical measurements were made at 10 m intervals
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in july 1999 at Plot 1. Plots of the same dimensions
were also measured at a pure old-growth stand (Plot
2) and a dense young stand (45-year-old, Plot 3) at
the old-growth flux site, 14-year-old flux site, and at
11 additional locations in the 15 km swath from the
western extent of ponderosa pine on the east slope of
the Cascade Mountains.

Prior to measurements, the two LAI-2000 sensors
were synchronized and calibrated to one another in an
open field large enough that trees around the perimeter
were not blocking the sensor view. One sensor was left
in the field to record incident light automatically. The
sensor used for below-canopy transmittance was held
at 2 m height and levelled from below. We did not use
a view restrictor. For understory, measurements were
made at the same grid points below the shrub cover,
using a 90◦ view restrictor to ensure that the operator
was not in view. Data were processed with software
to match ambient and transmittance measurements in
time (Comm.exe, A. Cescatti), and the LAI-2000 soft-
ware (c2000.exe) was used to calculate effective leaf
area (Le) for each measurement point. Understory leaf
area was calculated as the difference between totalLe
and overstoryLe. The plot mean was obtained, then
corrected by

Lhc = (1 − α)Le × γE

ΩE
(1)

whereLhc is m2 half-total surface area (HSA) of nee-
dles per m2 ground corrected for clumping of needles
within shoot, and at scales larger than shoot, and in-
terception by wood,γ E the needle-to-shoot area ratio
for foliage clumping within shoot,ΩE the element
clumping index that quantifies the effect of foliage
clumping at scales larger than the shoot, andα the
woody-to-total area ratio (α = W/(Le × γ E/ΩE)).
If shoots are randomly positioned in the canopy,
then correction withΩE is not necessary. However,
conifer canopies are highly organized at the shoot,
branch, whirls, and crown level. This grouping results
in a canopy gap fraction that is larger than that of a
random canopy. There can be different gap size distri-
butions for the same canopy gap fraction, thus the gap
size distribution can be used to quantify the effects
of canopy architecture on optical LAI measurements
that are based on the gap fraction principle. Chen and
Cihlar (1995) theory for calculatingΩE addresses
this issue.W is wood surface area index (half-total

wood surface area m−2 ground, including branches
(B) and stems (S)). This approach assumes that woody
materials have a spatial distribution similar to foliage,
and may result in a small error in the LAI estimates
(Chen et al., 1997b). The theoretical basis of Eq. (1)
is derived and discussed in detail in Chen (1996) and
in Chen and Cihlar (1995).

To determine stem area forW, we used our mea-
surements of diameter at breast height (DBH) and tree
height that we made on the five 10 m radius subplots
within each 10 000 m2 plot. For each tree, we calcu-
lated half-surface area of a cylinder from the ground to
DBH, the frustum of a cone for four segments of equal
height, and a cone for the tree-top (sixth segment).
We used an allometric equation from the literature for
ponderosa pine to estimate branch biomass per m2

ground (Gholz, 1982), and our site measurements of
density of wood cores (10 cores per plot) to calculate
branch volume per m2 ground. This was converted to
half-branch area from the mean branch radius in di-
ameter classes, when necessary (e.g. 0–30 cm, >30 cm
DBH for the mixed-age plot at the old-growth site).

We determinedΩE from continuous measure-
ments with a TRAC (3rd Wave Engineering, Ontario,
Canada) along two 100 m transects within each plot.
TRAC measures canopy gap size distribution and
canopy gap fraction with a high frequency sampling
technique. Transects were chosen based on the sun
angle in relation to the plot, extreme high and low
sun angles were avoided to reduce error in the mea-
surements (e.g. difficulty distinguishing small gaps at
solar zenith angles >60◦). Transects were measured at
a pace of 10 m every 30 s as suggested in the TRAC
manual. Using TRAC software (TRAC.exe, J. Chen),
a gap accumulation curve is produced, where the
gap fraction is accumulated from the largest to the
smallest gap, then a gap removal method is used to
quantify gaps resulting from non-randomness of the
canopy (Chen and Cihlar, 1995). The clumping effect,
ΩE, is then determined from the difference between
measured gap fraction and gap fraction after removal
of gaps resulting from non-randomness.

We also quantifiedΩE over a range of solar zenith
angles from photosynthetically active radiation mea-
surements 1.5 m above the forest floor with a quan-
tum sensor (model LI-190S, LICOR, Lincoln, NE)
mounted on an automated tram system that traversed
36 m horizontally at a rate of 1 cm s−1, so that a
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sample was taken every millimeter. The tram sensor
traveled east and west over the northern portion of
the 10 000 m2 plot (day 189–205, 1996).

The needle-to-shoot area ratio (γ E) was calculated
from

γE = Atn/4Āp (2)

whereAtn is total needle surface area on a shoot and
Āp the mean of the projected shoot silhouette areas
(Stenberg, 1996). We usedγ E values calculated in
the previous study on ponderosa pine, and from the
literature for the other species in the mixed-species
stands (Law et al., 2001; Chen and Black, 1992;
Gower and Norman, 1991). For mixed-species plots,
we weightedγ E for a species by the fraction of total
number of trees per hectare. We determinedAtn in the
previous study from leaf area meter measurements
of projected area, corrected with a conversion factor
(2.36) for ponderosa pine needle geometry, then di-
vided by two to get HSA. Projected shoot silhouette
areas were determined from photographs of shoots
held at three projections and four angles, then pro-
cessed in Adobe Photoshop (Adobe Systems, Inc.,
San Jose, CA, Version 5.0) and ImageTool (Version
2.0, University of Texas Health Science Center).

Plots 10 and 20 (14-year-old pine flux site) had
significant amounts of understory present. We com-
pared three methods for estimating understoryLh
at Plot 20, the LAI-2000 grid point method that we
used for all plots, LAI-2000 measurements under in-
dividual shrubs, and destructive harvest. We used the
LAI-2000 with a 90◦ view restrictor, and made mea-
surements in 4 cardinal directions under 5 shrubs of
each species that covered the range of sizes present.
The shrub dimensions were measured (l×w×h), and
the shrubs were harvested for determination of leaf
area per plant. The optical measurements of leaf area
density were multiplied by the shrub volume/ground
area to getLh per shrub, which was then multiplied
by percentage cover of each shrub size class to esti-
mate shrubLh for the plot. The harvest estimates of
shrubLh were also scaled to the plot by percentage
cover in each size class.

At Plot 1 in 1997, we made concurrent measu-
rements of ambient photosynthetically active radia-
tion (PAR, Qo) and canopy transmittance (Qt) with
Decagon Ceptometers (Decagon Devices, Pullman,
Washington) at mid-day under clear skies following

methods described by Law and Waring (1994). Am-
bient direct and diffuse PAR were recorded continu-
ously at the top of the flux tower. Transmitted PAR
measurements were made with a Ceptometer every
10 m on the 100 m× 100 m plot (n = 121). LAI was
calculated from Ceptometer data and the equation
(Campbell, 1991)

Lecep= [fb(1 − cosθ) − 1] ln(Qt/Qo)

A(1 − 0.47fb)
(3)

whereA is 0.84 for leaf absorptivity (a) of 0.90 in
the PAR band (A = 0.283+ 0.785a − 0.159a2), fb
the fraction direct beam, andθ the solar zenith angle
calculated from latitude (44.5◦N), day, and hour of
day (Rosenberg et al., 1983).

2.3. Tree dimensions

Tree dimension and location data were needed to
drive the 3-D radiative transfer model for Plot 1, and
stand density and sapwood area were required for the
sapwood estimates ofLh at all plots. The cluster of
five 10 m radius subplots at each plot was arranged
with one subplot in the center, and one 30 m from each
corner of the plot. We sampled all trees on the pure
old-growth plot (Plot 2), because of the low density.
For trees larger than 5 cm DBH (measured at 1.3 m
from the ground), we measured DBH, total height,
height to the base of live crown, and height and radius
of the widest portion of the crown in two to four or-
thogonal directions using a laser technology (Impulse
200, Laser Technology, Englewood, CO). Locations of
plot corners and subplot centers were measured with
a global positioning system (PathFinder Pro, Trimble
Navigation Limited, Sunnyvale, California), and dif-
ferentially corrected with Portland, Oregon base sta-
tion data. Tree locations in the subplots were mapped
using a unit attached to the laser (MapStar, Pacific
Survey, Inc.). Trees smaller than 5 cm DBH were
tallied, except in young stands, where we measured
dimensions on all trees on the subplots. We cored two
trees per subplot for sapwood area estimates per tree.

2.4. Litter-fall and sapwood allometric estimates of
leaf area

Direct measurement of leaf area by destructive har-
vest was not possible. Instead, we estimatedLh from
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allometry based on harvests in nearby stands, and
from litter-fall. The sapwood allometric estimates of
Lh were based on the pipe-model theory (Waring et al.,
1982). We estimated sapwood area (A, cm2 sapwood)
of trees on which we did not take cores by applying
plot-specific regression equations in the form of

logAsw = a + b(log DBH), (4)

where log is the base10 logarithmic transformation.
The equations were corrected for logarithmic bias
using

CF = exp[12(2.303(MSE1/2))2]

where CF is the correction factor that the depen-
dent variable,Asw, was multiplied by, and M.S.E.
the log10 transformed regression mean square error
(Sprugel, 1983). We pooled cores from a few plots
where the initial number of cores was inadequate,
once we determined that slopes and intercepts were
not different and that stand density and age were
similar (cores from Plots 5 and 19, and from 6, 7,
8 and 17). To estimate leaf area from sapwood area
(m2 HSA m−2 ground), we applied a linear regression
developed from sapwood area at breast height (sap-
wood range< 100–800 cm2) in ponderosa pine near
our site (O’Hara and Valappil, 1995):

Lhsw = (0.163× Aswi − 2.594) × T (5)

whereAswi is cm2 sapwood area in the diameter class
i, and T the number of trees per m2 ground in the
diameter class. For stands with two distinct diameter
classes, we determinedLhsw for each class and then
summedLhsw for the plot.

We collected litter-fall from nine traps located
within Plot 1 (each trap 0.13 m2) periodically through
the year (March 1996–1997). The litter was separated
into foliage and woody litter, oven-dried at 75◦C for
48 h, weighed and then summed for the year.Lhlit
was calculated from specific leaf area of foliage lit-
ter (SLA = 43.8 cm2 half-surface area needles g−1),
biomass of foliage litter (M lit = 174 g m−2 ground),
fractional mass loss on abscission (f abs= 0.15), and
foliage turnover rate of 25% (f t = 0.25)

Lhlit = Mlit × (1 + fabs) × SLA

ft
(6)

2.5. Three-dimensional radiative transfer modeling

Spatially explicit LAI-2000 measurements were
coupled with a 3-D canopy model, FOREST (Cescatti,
1997a), which reproduces stand geometry by account-
ing for position and crown shape of single trees on
the plot. Full details of model development and for-
mulae are provided in Cescatti (1997a). The canopy
structure of each tree is described in the model with
stratification into three asymmetric crown envelopes,
that represent different densities of branch and leaf
area. The input variables for canopy structure are
total tree height, height to base of crown, height at
the widest point of the crown, crown radii in four or-
thogonal directions, and shape coefficients of vertical
crown profiles. The vertical distribution of leaf area
within a crown, LAD, is modelled using a Beta or
Weibull equation. The effect of the spatial pattern of
leaf area is taken into account by simulating random,
regular or clumped distributions. The probabilities of
penetration of direct and diffuse radiation are mod-
eled separately using a Markov model (Nilson, 1971).
Diffuse radiation resulting from scattering is esti-
mated on the basis of the adding method (Norman and
Jarvis, 1975). Given the co-ordinates of the sampling
points, the model generates a hemispherical view
of the canopy as seen from the LAI-2000 (Cescatti,
1997b), and predicts canopy transmittance for the five
rings of the LAI-2000 sensor. To avoid edge effect,
only the LAI-2000 sampling points well within Plot 1
were used in the inversion. Only the values of canopy
transmittance in the three intermediate rings (2, 3 and
4) were used. The inner LAI-2000 ring (1) was ex-
cluded because measurements by this ring are overly
sensitive to the sensor position with respect to crown
projections. The external ring (5) was excluded be-
cause measurements of canopy transmittance in this
ring are biased by scattered radiation.

The indirect estimation of LAI was performed by
changing the leaf area density in the crown layers
iteratively to minimize the square error between the
model prediction and the LAI-2000-measured trans-
mittance according to the Quasi-Newton algorithm.
The value of leaf area density minimizing the sum of
square errors was used to calculate leaf area of each
tree and the stand. This estimate of leaf area (L) is
already corrected for the effect of leaf clumping at the
crown level and stem area. The clumping of needles
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Table 2
Means and standard errors in parentheses of estimates for Plot 1,
a mixed-age stand at the old-growth ponderosa pine flux site

Variable Plot 1

Live crown ratio (%) 53
Mean basal area (cm2) 400 (48)
Annual foliage litter-fall biomass (g m−2 ground) 174 (18)
Litter-fall SLA (cm2 HSA g−1)a 43.8 (3.1)

a Specific leaf area (SLA) was calculate as half total surface
area of needles of fresh litter (sampled on day 315).

within shoots (γ E) and branch area index (B) were
applied to obtain the final estimate of leaf area

Lh3-D = (L − B) × γE (7)

3. Results and discussion

3.1. Leaf area comparisons

Tables 2 and 3 show characteristics of Plot 1, and
leaf area estimates obtained with various methods
at this location. Comparison of the optical estimates
from the LAI-2000 and the Ceptometer show that
the Lecep (1.7, S.E. = 0.2) was 30% greater thanLe
calculated with LAI-2000 software (1.3, S.E. = 0.1),

Table 3
Leaf area estimated by the different methods for Plot 1 in 1997,
where Lh is half-needle surface area per m2 ground. S.E. in
parentheses

Method Plot 1 N

Le
a 1.3 (0.1) 242

Lhc
b 1.7

Lh3-D
c 1.6 (0.01) 28000

Lecep
d 1.7 (0.2) 121

Lhsw
e 3.7 593

Lhlit
f 3.5 9

a Effective leaf area (Le) from the LAI-2000 plant canopy ana-
lyzer measurements in 1997 and instrument software calculations
(1-D model inversion).

b Lh from the LAI-2000, corrected for clumping and wood
interception (Eq. (1)), whereΩE = 0.81 from the TRAC,γ E =
1.25, W = 0.27.

c Lh from 3-D model, Eq. (7), whereΩE = 0.83 from the 3-D
model, andγ E = 1.25 from shoot measurements.

d Le from Ceptometer measurements, Eq. (3).
e Lh from sapwood allometrics, Eq. (5).
f Lh from litter-fall estimates, Eq. (6).

where both methods assume a random distribution of
foliage, which clearly is not the case in a semi-arid
coniferous forest. Chen et al. (1997b) suggested that
the Ceptometer estimates should be expected to be
somewhat higher than the LAI-2000Le because the
measurements account for the effect of foliage clump-
ing at scales larger than the averaging length of the
probe (80 cm), whereas the LAI-2000Le estimates
ignore foliage clumping at all scales (both estimates
include the effect of wood interception of light).

At Plot 1, we calculated the element clumping in-
dex, ΩE, using several methods;ΩE was 0.83 from
the 3-D model, 0.75 from the tram measurements, and
0.81 from the TRAC measurements. Both the tram
and 3-D model estimates were integrated over all
solar zenith angles (θ ) observed in summer, and the
TRAC measurements were made at 34◦. The lower
value for the tram estimate could be partly explained
by the small area sampled by the tram (36 m) and dif-
ficulties in gap removal decisions due to the frequent
large gaps. The close comparison of the 3-D radiative
transfer model estimate with the TRAC estimate is
encouraging. Chen (1996) points out, however, that
theoretically, theΩE should be determined over a
range of θ , becauseΩE increases withθ between
30 and 80◦, however, Chen and Cihlar (1995) found
that inaccuracies in determining the small gaps only
became serious whenθ > 60◦. Because it was not
logistically feasible to repeat TRAC measurements at
a range of zenith angles at each plot in our study, we
restricted measurement periods toθ = 25–50◦.

Wood area index,W, was 0.33 m2 half-total wood
area per m2 ground for Plot 1 using the 3-D model
estimate ofSand our biomass estimate of half-branch
area (B = 0.10), andWwas 0.27 using our dimension
estimates that account for stem taper.

When we used Eq. (1) to correct the LAI-2000 mea-
surements (Le 1.3 in 1997) for needle clumping within
shoot (γ E = 1.25, Law et al., 2001), clumping at
scales larger than shoot (ΩE from TRAC, 0.81), and
wood area index (W = 0.27), Lhc was 1.7. When we
used the 3-D model estimates ofΩE andW, Lhc was
still 1.7, and theLh3-D estimate from inversion of the
3-D model was 1.6 ((1.36–0.10) × 1.25, Eq. (5)).

The equations that we developed to estimate sap-
wood area from DBH are shown in Table 4. Esti-
mates of leaf area for Plot 1 derived from sapwood
and litter-fall were greater than the optical estimates
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Table 4
Equations developed to convert from DBH to sapwood area for
sapwood estimate of leaf areaa

Plot a b r2 M.S.E.

1 (DBH <5 cm) −0.1950 1.9828 0.96 0.0670
1 (DBH >5 cm) 0.0956 1.7406 0.78 0.1210

2 0.0956 1.7406 0.78 0.1210
3 −0.1950 1.9828 0.96 0.0670
4 0.2779 1.6337 0.98 0.1129
5 0.0940 1.8155 0.96 0.0367
6 −0.5540 2.2080 0.86 0.1775
7 −0.5540 2.2080 0.86 0.1775
8 −0.5540 2.2080 0.86 0.1775
9 −0.2480 2.0644 0.99 0.0327

10 −0.3160 2.1397 0.99 0.0123
11 −0.2263 2.0432 0.99 0.0231
15 0.7767 1.3905 0.86 0.1055
16 −0.2662 2.0695 0.99 0.0314
17 −0.1990 2.0174 0.99 0.0682
18 −0.6775 0.9687 0.95 0.0702
19 0.0940 1.8155 0.96 0.0367
20 0.1174 1.7155 0.87 0.0663

a log Asw = a + b(log DBH).

(Table 3).Lh estimated from litter-fall was 3.5, which
might be partly a result of scaling issues in determining
plot mean SLA and foliage turnover rates. Estimates
of Lh from litter-fall are influenced by the effect of the
current climate on turnover rates, which must be char-

Fig. 2. Leaf area calculated from non-site-specific sapwood allometrics (Lhsw, m2 half-surface area foliage per m2 ground) tends to result
in larger values of leaf area compared with LAI-2000 estimates corrected for clumping and wood interception (Lhc).

acterized in the year of litter-fall collection (e.g. a drier
than normal year can result in higher litter-fall rates).

The sapwood area estimate ofLh (Lhsw) for Plot
1 was 3.7, 54% higher thanLhc. When we evaluated
the sapwood allometric approach for all 17 plots, in
comparison withLhc, the sapwood method resulted in
leaf area values that were more than twiceLhc (Fig. 2,
slope= 0.38). Sapwood area at only four of the plots
was outside the range of values used to develop the
allometric equation (Plots 1, 2, 4, 15). A commonly
used ratio of sapwood to leaf area for ponderosa pine
(0.19 LA:SA; Waring et al., 1982) was developed on
small trees (maximum 150 cm2/tree), and results in
even larger estimates ofLhsw. Two primary concerns
in selecting appropriate allometric equations are tree
species and size. Studies have shown that estimating
leaf area of trees with diameters that exceed the di-
ameter range used for the allometric equation results
in moderate to large overestimates ofLh (e.g. Gower
et al., 1999). Differences in fertility and competition
(stand density) will also affect estimates (Whitehead
et al., 1984). For example, the ratio of sapwood area
to DBH for 45-year-old pine trees in a heavily thinned
stand nearby (Ryan et al., 2000) averaged 0.14, almost
twice that of the same age trees in the mixed-age Plot
1 (0.08) where competition for resources is greater.
At the thinned stand, the leaf area to sapwood area



10 B.E. Law et al. / Agricultural and Forest Meteorology 108 (2001) 1–14

ratio for individual trees was lower for tall, old trees
than young trees, LA:SA (m2 cm−2) averaged 0.16
for 45-year-old trees, and 0.08 for 250-year-old trees.
The highest LA:SA ratio for the 17 plots was 0.16 for
Plot 15, matching that of the young trees in the Ryan
et al. study. This plot was also heavily thinned, but it
consisted of 64 and 158-year-old trees.

Sapwood to leaf area conversions are based on the
pipe model theory that stems and branches are con-
sidered an assemblage of pipes that support a given
amount of foliage (Shinozaki et al., 1964). Destruc-
tive harvest studies have shown the best correlation of
leaf area with sapwood area were based on sapwood
at the base of the live crown, and that sapwood area of
ponderosa pines averaging 18 m in height decreased
by 42% between DBH and the base of the crown
(Waring et al., 1982).

Physiologically, the amount of foliage that can be
supported by sapwood decreases as trees approach
maximum height, likely because of hydraulic limita-
tions to water transport in tall trees (Ryan et al., 2000).
Whitehead et al. (1984) showed a linear relation be-
tween foliage area and the product of sapwood area
and permeability across fertilized and control plots
of Picea sitchensisand Pinus contorta, supporting
the hypothesis that the relation between foliage area
and sapwood area is dependent on permeability. They
found that sapwood area, permeability and the product
of these variables decreased with depth through the
crowns of the trees. Thus, the assumption of constant
permeability and sapwood fraction with height is in-
valid, so that the use of sapwood area at DBH to predict
leaf area can lead to large overestimates. This would
be particularly an issue in tall trees when allometrics
are based on shorter trees. The approach may only be
valid for short, young trees that are primarily sapwood.

It is generally suggested that non-optical estimates
are more appropriate for stands with high leaf area,
because optical measurements ofL saturate at∼5–6
(Gower et al., 1999). The trade-off is that site-specific
allometric equations for sapwood estimates are rare,
permeability is not commonly measured, and repeat
site visits through the year to collect litter-fall and
fresh shoots for turnover rates, as well as scaling
issues, limit the usefulness of these approaches over
large areas.

UnderstoryLh estimated from three methods at Plot
20 was 0.13, 0.40, and 0.66 from destructive harvest of

shrubs, the LAI-2000 method under individual shrubs,
and LAI-2000 measurements at grid points (totalLe
minus overstoryLe). Both of the optical methods in-
clude the effect of small trees, and the grid method
likely accounts for more of the total understory be-
cause measurements under individual shrubs result in
bias from the center ring (7◦) capturing more of the
shrub canopy.

3.2. Optical estimates of leaf area for all plots

We selected the 17 pine plots to obtain a range of
stand densities and age classes in the 15 km swath
(Table 1). The data from these plots in 1999 show
that the TRAC estimates ofΩE ranged from 0.49 to
1.00 for solar zenith angles 25–46◦ (Table 5; mean
θ = 35◦, S.D. = 8). The solar zenith angle only
explained about 13% of the variation inΩE across
sites, partly because we attempted to make TRAC
measurements in a restricted range ofθ .

The ΩE generally varies from 0.65 to 1.0, with
higher values indicating less canopy clumping (Chen
et al., 1997a). At the old-growth flux site, we observed
less clumping in the dense 45-year-old stand (Plot 3,
ΩE = 0.86), more clumping in the pure old-growth
stand (Plot 2,ΩE = 0.70), and an intermediate value
in the mixed-age stand (ΩE = 0.81), whereθ was
about the same during measurements at all three plots
(33–34◦).

The lowestΩE (0.49) was observed at Plot 15,
which only had 34 trees/ha in the overstory (heavily
thinned), and the highest value (1.00) was observed at
an even aged 40-year-old stand (Plot 10) with a mod-
erate stand density (395 trees/ha). The lowΩE value
for sparse vegetation (large gaps) appears to lead to er-
roneously highLhc values; at Plot 15, the uncorrected
Le was 0.65, andLhc was 1.5, yet the canopy was more
sparse than the pure old-growth stand (Plot 2,Le =
0.66, Lhc = 0.9). An even-aged, regularly spaced
stand that had been thinned (Plot 9, 229 trees/ha) had
ΩE 0.84, similar to that of the mixed-age “natural”
stand with a much higher density (Plot 1,ΩE = 0.81,
753 trees/ha), showing the interacting influence of
stand density, vertical heterogeneity, and tree distribu-
tion onΩE. Stand density alone explained only 16%
of the variation inΩE (Fig. 3).

Lhc ranged from 0.49 for a 52-year-old thinned stand
(Plot 9, even aged, regularly spaced) to 2.77 for the
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Fig. 3. Stand density explained 16% of the variation in clumping at scales larger than shoot (ΩE) across the ponderosa pine plots.

97-year-old natural stand with moderate stand density
(Plot 7). The probability density function for all plots
centered onLhc of 2 m2 HSA m−2 ground (Fig. 4;
S.D. = 0.57).Lhc at the flux sites appears to be repre-
sentative of values for ponderosa pine in this region.
Lhc for the old-growth flux site ranged from 0.9 in

Fig. 4. The probability density function of leaf area (Lhc, m2 HSA m−2) for all plots, estimated from clumping-corrected LAI-2000
measurements, centered on 2 m2 HSA m−2.

the pure old-growth stand to 2.4 in the 45-year-old
stand (Plot 3), and 2.0 in the mixed-age stand (Plot 1;
note this was observed in July 1999, and the 1.7 value
for Plot 1 was observed in September 1997). At the
14-year-old pine flux site,Lhc was 0.6 for the trees,
and 1.0 when shrubs were included in the estimate.
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In open forest canopies, it is critical to consider
understory cover in validating ecosystem model esti-
mates of leaf area and productivity. Natural regenera-
tion with a minimum of management typically results
in a large amount of understory cover, and in pon-
derosa pine forests, it often consists of nitrogen-fixing
shrubs that can improve site fertility. On average,
understory accounted for∼20% of the total Lhc
(Table 5; mean understoryLhc = 0.5), and at plots
with natural regeneration of young trees (Plots 10 and
20), the understory accounted for 35–60% of the total
Lhc.

4. Conclusions

Common methods used to estimate LAI result
in very different values for stands (Table 3), which
particularly has implications to modeling ecosystem
processes (Law et al., 2001). Sapwood allometric
methods for estimating leaf area are commonly used
for validation of models and remotely sensed data,
yet this approach suffers from inaccuracies in allom-
etry and scaling to the stand. Equations should be
site-specific, accounting for influences of variation
in wood permeability, site fertility, stand density, and
tree size. The litter-fall method is not appropriate
in coniferous forests because of climatic influences
over the years of foliage retention, and scaling issues
(SLA, turnover rates).

We favored an optical method, where the LAI-2000
data are corrected for clumping within shoot and
scales larger than shoot in conifer forests, and inter-
ception of light by stems and branches. However, the
calculation ofΩE in sparse stands can lead to large
overestimates ofLhc. The use of a TRAC instrument
is relatively rapid, although we caution that it would
be best to integrate estimates over a conservative
range of solar zenith angles (e.g. 30–40◦) because of
diffuse sky conditions at largeθ . The theoretical basis
of using the LAI-2000 data, corrected for clumping,
is sound, however, Eq. (1) might be modified in the
future to account for integration ofΩE over observed
solar zenith angles, and to remove the effect of apply-
ing the within-shoot clumping factor to woody tissue.

For ponderosa pine forests in Central Oregon, we
have often assumed a theoretical maximum LAI of 3
(lack of canopy closure), because of the dry climate.

Our Lhc measurements showed a maximum of 2.8
for the overstory, or 3.2 total when understory was
included in the estimate. At the stand level, leaf area
appears to increase less at high sapwood areas, show-
ing competition for resources in high density mature
stands, and possible hydraulic limitations in sapwood
that supports foliage in tall trees.
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